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•  The  XPS  spectra  of  Cls  region  for  NG- 
3  electrode  after  discharging  up  to 
2.0  V  is  shown. 

•  The  NG-3  electrodes  using  PAA  and 
PVdF  as  the  binders,  respectively  are 
shown. 

•  The  amount  of  the  inorganic  com¬ 
ponents  of  the  SEI  was  low  in  the 
case  of  the  PAA  binder. 

•  The  binder  types  have  an  influence 
on  the  SEI  composition. 
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We  analyzed  the  solid  electrolyte  interface  (SEI)  formation  reaction  and  surface  deposit  of  a  natural 
graphite  (NG-3)  electrode  employing  polyacrylic  acid  (PAA)  as  a  binder  in  an  ethylene  carbonate-based 
electrolyte  because  it  was  reported  that  the  initial  charge-discharge  characteristics  of  the  NG-3  electrode 
were  improved  by  employing  the  PAA  binder.  Poly(vinylidene  fluoride)  as  a  binder  was  used  for  com¬ 
parison.  We  investigated  the  influence  of  the  binder  types  on  the  coating  of  the  NG-3  particles  using  the 
B.E.T.  specific  surface  areas.  The  difference  in  the  above  phenomenon  was  explained  by  the  relationship 
between  the  B.E.T.  specific  surface  area  and  the  irreversible  capacity.  The  surface  chemical  composition  of 
the  NG-3  electrode  was  investigated  by  FE-SEM/EDX  and  XPS  and  then  the  difference  between  the  PAA 
binder  and  the  PVdF  binder  was  discussed.  The  FE-SEM/EDX  and  the  XPS  results  showed  that  the  amount 
of  the  inorganic  components  of  the  SEI  was  relatively  small  in  the  case  of  the  PAA  binder  NG-3  electrode. 
The  AC  impedance  results  showed  that  the  SEI  film  resistance  of  the  PAA  binder  NG-3  electrode  was 
lower  at  0.2  V.  It  was  clarified  that  the  binder  types  affected  the  coating  state,  the  SEI  formation  reaction, 
and  the  SEI  film  composition. 

©  2013  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Various  improvements  in  the  electrochemical  characteristics  of 
the  graphite  electrode  have  been  reported.  As  an  example,  the 
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initial  irreversible  capacity  of  the  graphite  electrode  in  an  ethylene 
carbonate  (EC)-based  electrolyte  was  reduced  by  employing  gelatin 
as  a  binder  1,2  .  In  addition,  the  same  research  group  reported  that 
the  initial  irreversible  capacity  of  the  graphite  electrode  in  the 
EC-based  electrolyte  was  reduced  by  employing  a  water-soluble 
polymer  of  sodium  carboxymethyl  cellulose  (CMC-Na)  as  a  binder 
[3].  In  recent  years,  it  has  been  reported  that  the  contact  area 
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Fig.  1.  1st  charge-discharge  curves  of  NG-3  electrodes  using  (a)  PVdF  10  wt.  %  and  (b) 
PAA  10  wt.  %  as  the  binders  in  the  1  mol  dm  3  UCIO4/EC  +  DEC  (50:50  vol.  %)  elec¬ 
trolyte  5] ;  potential  range:  5  mV-2.0  V  vs.  Li/Li+;  current  density:  175  mA  g-1  (0.5  C); 
(■ - )  PAA  lOwt.  %;  ( - )  PVdF  10  wt.  %. 


Fig.  3.  Relationship  between  the  B.E.T.  specific  surface  area  of  NG-3  electrodes  and  the 
irreversible  capacity  of  1st  cycle;  (o)  PAA  10  wt.  %;  (□)  PVdF  10  wt.  %.  Solid  curve 
indicates  trend  in  the  experimental  data. 


between  the  LiCo02  particles  and  graphite  particles  increased 
because  both  the  LiCo02  and  graphite  powders  were  effectively 
dispersed  by  employing  ammonium  polyacrylic  acid  (PAA-NH4)  as 
a  dispersant,  resulting  in  the  improved  charge-discharge  charac¬ 
teristics  of  the  LiCo02  electrode  [4]. 

Based  on  these  reports,  we  have  focused  on  a  water-soluble 
polymer  of  polyacrylic  acid  (PAA)  as  the  binder  and  covering 
agent.  Our  group  has  reported  that  the  graphite  particle  coated 
with  PAA  enabled  the  reversible  charge  (Li+  ion  intercalation)  and 
discharge  (deintercalation)  reaction  in  a  propylene  carbonate  (PC)- 
based  electrolyte;  it  could  effectively  improve  the  charge- 
discharge  characteristics  in  an  EC-based  electrolyte  [5  .  The  PAA  as 
a  binder  for  the  natural  graphite  negative  electrode  [6],  for  the  Si 
alloy  negative  electrode  [7],  and  LiFeP04  positive  electrode  [8]  was 
then  reported  for  use  in  a  lithium-ion  battery.  However,  the 
detailed  mechanism,  which  PAA  exerts  on  the  improvement  of  the 
charge-discharge  characteristics,  has  not  yet  been  clarified. 

In  this  study,  we  focused  on  the  coating  state  of  the  graphite 
particles  coated  with  PAA,  the  surface  deposit  of  the  NG-3  elec¬ 
trode,  and  the  solid  electrolyte  interface  (SEI)  formation  reaction 
during  the  initial  charging  because  it  was  considered  that  they 


Fig.  2.  B.E.T.  specific  surface  area  of  NG-3  electrodes  using  the  prescribed  amount  of 
PVdF  and  PAA  as  the  binders  before  charging;  (o)  PAA  10  wt.  %;  (□)  PVdF  10  wt.  %. 


would  have  an  influence  on  the  initial  charge-discharge  charac¬ 
teristics.  Considering  the  further  design  of  a  novel  binder,  we 
analyzed  of  the  SEI  formation  reaction  and  the  chemical  composi¬ 
tion  of  the  surface  deposit  to  obtain  primary  knowledge  about  the 
natural  graphite  electrode  coated  with  PAA.  We  have  discussed  the 
influence  of  the  difference  in  the  binder  types  on  the  SEI  formation 
reaction  and  the  chemical  composition  of  the  surface  deposit  by 
mainly  analyzing  the  change  in  the  natural  graphite  electrode 
surface  during  the  initial  charge-discharge  cycling. 

2.  Experimental 

The  graphite  electrode  was  prepared  in  a  way  similar  to  that 
previously  reported  [9].  Natural  graphite  powder  (Kansai  Coke  and 
Chemical  Co.,  NG-3)  as  the  active  material,  PAA  (Wako  Pure 
Chemical  Industries,  Ltd.;  average  molecular  weight,  1,000,000)  as 
the  binder,  and  poly(vinylidene  fluoride)  (Kureha.  Co.,  KF  polymer 
#9130,  PVdF)  for  comparison  were  employed.  A  suspension 
composed  of  90  wt.  %  NG-3  powder  and  10  wt.  %  binder  was  pre¬ 
pared  using  a  dispersing  medium  and  was  then  stirred  in  a  reagent 
bottle  at  room  temperature  for  24  h.  The  percentages  by  mass  of  the 
electrode  material  in  the  suspension  for  the  PAA-NG-3  suspension 
(primarily  distilled  water  as  the  dispersing  medium)  and  the  PVdF- 
NG-3  suspension  (N-methyl-2-pyrrolidone  (Kanto  Chemical  Co., 
99.0%,  NMP)  as  the  dispersing  medium)  were  20.0  wt.  %  and 
43.5  wt.  %,  respectively.  The  suspension  was  coated  on  a  Ni  mesh 
(Tokyo  Screen  Co.,  100  mesh,  10  mm  x  10  mm).  The  electrode  was 
then  pressed  for  10  min  after  air-drying  at  80  °C  for  1  h.  Prior  to 
their  use,  the  PAA-NG-3  electrode  and  the  PVdF-NG-3  electrode 
were  dried  in  a  vacuum  at  200  °C  and  180  °C  for  3  h,  respectively. 

A  three-electrode  cell,  which  consisted  of  the  NG-3  electrode 
(W.E.),  a  pressed  lithium  metal  foil  on  the  Ni  mesh  (R.E.  and  C.E.), 
and  a  1  mol  dm-3  (M)  solution  of  LiCICH  in  EC: DEC  (diethyl  car¬ 
bonate)  (50:50  vol.  %)  (Mitsubishi  Chemical  Co.;  water  content 
under  10  ppm)  as  the  electrolyte,  was  employed  for  the  electro¬ 
chemical  measurements.  The  cells  were  assembled  in  a  glove  box 
(Miwa  Mtg  Co.,  Ltd.,  DBO-1 NKP-1U-2)  filled  with  dry  argon  at  25  °C. 
The  charge-discharge  cycle  tests  were  performed  using  an 
automatic  battery  charging-discharging  instrument  (Hokuto 
Denko,  HJR1010mSM8)  at  the  current  density  of 
175  mA  g-1(lC  =  350  mA  g-1)  between  5  mV  and  2.0  V  at  25  °C. 
The  AC  impedance  apparatus  consisted  of  a  computer-controlled 
electrochemical  measuring  system  (Hokuto  Denko  HZ-5000)  and 
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Fig.  4.  FE-SEM  images  of  NG-3  electrodes  using  PVdF  and  PAA  as  the  binders  (a,  b)  before  soaking,  (c,  d)  after  soaking,  and  (e,  f)  after  discharging  up  to  2.0  V  vs.  Li/Li+  in  the 
1  mol  dm’3  UCIO4/EC  +  DEC  (50:50  vol.  %)  electrolyte;  (a,  c,  e)  PVdF  10  wt.  %  and  (b,  d,  f)  PAA  10  wt.  %. 


a  frequency  response  analyzer  (NF  Co.,  FRA5087).  The  impedance 
data  were  obtained  in  the  frequency  range  of  100  kHz-10  mHz  and 
with  ac  amplitude  of  ±10  mV. 

The  morphology  observation  and  the  surface  analysis  of  the 
samples  were  carried  out  by  scanning  electron  microscopy  (JEOL, 
JSM-7001F,  applied  voltage  10  kV,  working  distance  10  mm,  FE- 
SEM),  energy  dispersive  X-ray  spectroscopy  (OXFORD,  INCA  X-act, 
applied  voltage  10  kV,  working  distance  10  mm,  EDX),  and  an  X-ray 
photoelectron  spectroscopy  (Perkin  Elmer,  PHI  5600,  XPS)  analysis 
with  Al  Ka  radiation  ( h  =  1486  eV).  Depth  profiling  was  done  by  Ar 
ion-beam  sputtering  (3  kV),  and  the  measured  surface  area  was 
16  mm2  (4  mm  x  4  mm).  The  specific  surface  areas  of  the  samples 
were  measured  by  the  Brunauer-Emmett-Teller  (B.E.T.)  method 
using  nitrogen  adsorption  (BEL  SORP  MINI,  BEL  JAPAN,  Inc.)  under 


liquid  nitrogen  (77  K)  as  the  cooling  medium.  Before  the  mea¬ 
surement  of  the  specific  surface  area,  the  suspension,  which  was 
prepared  under  the  same  conditions  as  those  for  the  previously 
described  electrode  was  evaporated  to  dryness,  then  dried  at  room- 
temperature  for  24  h  under  reduced  pressure.  The  samples  were 
then  dried  in  nitrogen  at  120  °C  for  3  h  in  the  pre-treatment  station 
(BEL  PREP-flow,  BEL  JAPAN,  Inc.).  For  the  ex  situ  measurements  of 
the  graphite  electrodes,  the  electrodes  were  charged  at  a  constant 
current  density  of  175  mA  g-1  to  the  specified  potentials  for  12  h. 
The  cells  were  disassembled  in  the  glove  box  to  obtain  the  elec¬ 
trode  samples.  The  obtained  samples  were  then  washed  with  DEC 
(Wako  Pure  Chemical  Industries,  Ltd.,  superfine  quality).  Prior  to 
their  use,  the  samples  were  dried  at  25  °C  for  12  h  under  reduced 
pressure. 
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Fig.  5.  FE-SEM  images  of  NG-3  electrodes  using  PVdF  and  PAA  as  the  binders  after  charging  down  to  the  prescribed  potentials  (vs.  Li/Li+)  in  the  1  mol  dm  3  LiC104/EC  +  DEC 
(50:50  vol.  %)  electrolyte  and  corresponding  EDX  mappings  for  the  C,  0,  and  Cl  elements;  (a)  PVdF  10  wt.  %  at  0.8  V,  (b)  PVdF  10  wt.  %  at  5  mV,  (c)  PAA  10  wt.  %  at  0.8  V,  and  (d)  PAA 
10  wt.  %  at  5  mV. 


Table  1 

Atomic  concentrations  at  the  surface  of  the  NG-3  electrodes  using  PVdF  and  PAA  as 
the  binders  before  charging  and  after  charging  down  to  the  prescribed  potentials  (vs. 
Li/Li+)  in  the  1  mol  dm  3  LiC104/EC  +  DEC  (50:50  vol.  %)  electrolyte  determined  by 
EDX  spectroscopy. 


Binder 

PVdF 

PAA 

Element 

C 

O 

Cl 

C 

O 

Cl 

Before  charging 

99.22 

0.78 

— 

98.82 

1.18 

— 

Charged  down  to  0.8  V 

81.87 

17.45 

0.68 

86.10 

13.64 

0.26 

Charged  down  to  5  mV 

74.35 

25.35 

0.30 

65.11 

34.66 

0.22 

(Unit:  at.%). 


3.  Results  and  discussion 

We  have  investigated  the  influence  of  the  binder  types  on  the 
initial  charge-discharge  characteristics.  Fig.  1  shows  the  1st 
charge-discharge  curves  of  the  NG-3  electrodes  using  (a)  PVdF 
(10  wt.  %)  and  (b)  PAA  (10  wt.  %)  as  the  binders  5].  In  this  paper,  the 
cathodic  polarization  due  to  the  Li+  ion  intercalation  into  the 
graphite  layer  is  defined  as  a  charge;  the  anodic  polarization  due  to 
the  Li+  ion  deintercalation  is  defined  as  a  discharge.  The  1st 
charge-discharge  curves  of  the  NG-3  electrode  using  PVdF  as  the 
binder  (PVdF  binder  NG-3  electrode)  showed  that  the  discharge 
capacity  and  the  charge-discharge  efficiency  at  the  1st  cycle  were 
342.8  mAh  g_1  and  76.4%,  respectively.  In  contrast,  the  1st  charge- 
discharge  curves  of  the  NG-3  electrode  coated  with  PAA  as  the 
binder  (PAA  binder  NG-3  electrode)  showed  that  the  discharge 
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Fig.  6.  High  resolution  XPS  spectra  (solid  line)  and  their  fitting  curves  (dashed  line)  of 
the  C  Is  region  for  the  NG-3  electrodes  using  (a,  c,  e)  PVdF  and  (b,  d,  f)  PAA  as  the 
binders  (a,  b)  before  charging,  (c,  d)  after  charging  down  to  0.8  V,  and  (e,  f)  after 
discharging  up  to  2.0  V  in  the  1  mol  dm-3  LiC104/EC  +  DEC  (50:50  vol.  %)  electrolyte; 
solid  line:  etching  time  0  min. 

capacity  and  the  charge-discharge  efficiency  were  356.7  mAh  g-1 
and  84.6%,  respectively.  As  shown  in  Fig.  1,  the  difference  between 
the  PAA  binder  NG-3  electrode  and  the  PVdF  binder  NG-3  electrode 
was  very  similar  around  0.8  V,  which  was  the  potential  at  which 
lithium  alkyl  dicarbonate  (ROCC^Li)  formed  [10,11  .  The  main  dif¬ 
ference  was  observed  below  0.2  V,  which  was  the  potential  at 
which  the  SEI  layer  was  almost  formed.  This  suggested  that  the 
binder  types  might  have  an  influence  on  the  charge  reaction. 

In  order  to  investigate  the  influence  of  the  binder  types  on  the 
coating,  the  B.E.T.  specific  surface  area  of  the  NG-3  particles  using 
PAA  and  PVdF  were  measured  (Fig.  2).  For  the  PAA  binder,  the 
specific  surface  area  gradually  decreased  along  with  the  increased 
mixing  ratio  of  PAA.  The  specific  surface  area  employing  the  PAA 
binder  (5  wt.  %)  was  almost  equal  to  that  using  the  PVdF  binder 
(10  wt.  %).  Therefore,  this  suggested  that  the  surface  of  the  NG-3 
particles  was  effectively  coated  by  employing  PAA  rather  than  PVdF. 

The  relationship  between  the  B.E.T.  specific  surface  area  of  the 
graphite  particles  and  the  irreversible  capacity  of  the  graphite 
electrode  resulting  from  the  formation  of  the  SEI  film  on  the  1st 
charge  was  examined  (Fig.  3).  In  this  study,  the  capacity,  which 
subtracted  the  1st  discharge  capacity  from  the  1st  charge  capacity, 
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Fig.  7.  High  resolution  XPS  spectra  (solid  line)  and  their  fitting  curves  (dashed  line)  of 
the  Cl  2p  region  for  the  NG-3  electrodes  using  PVdF  and  PAA  as  the  binders  before 
charging  and  after  discharging  up  to  2.0  V  in  the  1  mol  dm-3  LiC104/EC  +  DEC 
(50:50  vol.  %)  electrolyte;  solid  line:  etching  time  of  0  min;  (a)  PVdF  10  wt.  %  after 
charging  down  to  0.8  V  (b)  PAA  10  wt.  %  after  charging  down  to  0.8  V  (c)  PVdF  10  wt.  % 
after  discharging  up  to  2.0  V,  and  (d)  PAA  10  wt.  %  after  discharging  up  to  2.0  V. 


is  defined  as  the  irreversible  capacity.  The  1st  discharge  capacity, 
the  1st  charge-discharge  efficiency,  and  the  irreversible  capacity 
were  367.7  mAh  g-1,  67.7  mAh  g-1,  and  84.5%  for  PAA  5  wt.  %, 
368.8  mAh  g"1,  66.8  mAh  g"1,  and  84.7%  for  PAA  8  wt.  %, 
325.0  mAh  g"1,  51.5  mAh  g"1,  and  86.3%  for  PAA  12.5  wt.  %, 
respectively.  As  shown  in  Fig.  3,  the  irreversible  capacity  increased 


Li2C03,  LiCl  Li2C03,  LiCl 


58  56  54  58  56  54 

Binding  energy  /  eV 


Fig.  8.  High  resolution  XPS  spectra  (solid  line)  and  their  fitting  curves  (dashed  line)  of 
the  Lils  region  for  the  NG-3  electrodes  using  PVdF  and  PAA  as  the  binders  before 
charging  and  after  discharging  up  to  2.0  V  in  the  1  mol  dm-3  LiC104/EC  +  DEC 
(50:50  vol.  %)  electrolyte;  solid  line:  etching  time  of  0  min;  (a)  PVdF  10  wt.  %  after 
charging  down  to  0.8  V,  (b)  PAA  10  wt.  %  after  charging  down  to  0.8  V  (c)  PVdF  10  wt.  % 
after  discharging  up  to  2.0  V,  (d)  PAA  10  wt.  %  after  discharging  up  to  2.0  V. 
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Table  2 

Summary  of  XPS  peak  assignments  shown  in  Figs.  6,  7,  and  8. 


Region 

PVdF  10  wt.% 

PAA  10  wt.% 

Assignment 

Ref. 

Before  charge 

Charge  0.8  V 

Discharge  2.0  V 

Before  charge 

Charge  0.8  V 

Discharge  2.0  V 

C  Is  (eV) 

284.5 

284.5 

C— C  (graphite) 

[18-22] 

285.2 

c*h2-ch 

1 

COOH 

[6,18,20,23] 

285.5 

C*H2— CF2  (polymer) 

[20,22] 

286.1 

285.7 

286.2 

285.9 

CH2— CH2  (polymer) 

[21] 

288.9 

ch2-ch 

1 

COOH 

[6,20,22,23] 

288.5 

288.4 

289.2 

289.1 

C— O  (ester) 

[18,19,22] 

291.0 

CH2-C*F2 

[6,20,22] 

291.1 

290.8 

291.3 

291.1 

C03 

[18,21] 

Cl  2p  (eV) 

199.9 

199.9 

200.0 

199.9 

LiCl  (2p3/2) 

[18,20,22] 

201.7 

201.6 

201.6 

201.7 

LiCl  (2p1/2) 

[18,20,22] 

Li  Is  (eV) 

56.5 

56.5 

56.5 

56.5 

Li2C03,  LiCl 

[18] 

Note:  Experimental  values  are  shown  in  Table  2. 


as  the  specific  surface  area  of  the  graphite  became  greater.  Espe¬ 
cially,  the  irreversible  capacity  of  the  PVdF  binder  NG-3  electrode 
was  very  high  compared  to  that  of  the  PAA  binder  NG-3  electrode. 
Because  the  relationship  between  the  B.E.T.  surface  area  of  the 
graphite  particles  and  the  irreversible  capacity  loss  is  well  known 
[12],  it  was  judged  that  this  result  agreed  with  the  previous  result. 
In  addition,  it  was  reported  that  the  SEI  formation  occurred  on  the 
edge  surface  of  the  graphite  [13-16  .  Because  the  specific  surface 
area  of  the  graphite  particles  increased  as  the  ratio  of  the  edge 
surface  increased  [17],  it  was  considered  that  the  SEI  formation 
reaction  increased  as  the  specific  surface  area  increased.  Based  on 


these  results,  it  was  considered  that  the  reductive  decomposition  of 
the  electrolyte  would  be  repressed  on  the  1st  charge  because  the 
edge  surface  would  be  effectively  coated  with  the  PAA  binder 
compared  to  the  PVdF  binder. 

Fig.  4  shows  the  FE-SEM  images  of  the  PVdF  binder  NG-3  elec¬ 
trodes  and  the  PAA  binder  NG-3  electrodes  (a,  b)  before  soaking,  (c, 
d)  after  soaking,  and  (e,  f)  after  1st  discharging  up  to  2.0  V.  The  NG- 
3  particles  consisting  of  the  average  particle  size  of  3  pm  and  a 
scale-like  particle  shape  were  observed  regardless  of  the  binder 
types  before  soaking  (a,  b).  The  surface  morphology  of  the  particles 
did  not  change  after  soaking  (c,  d).  The  surface  deposits  were 


ch2-ch 


Fig.  9.  High  resolution  XPS  spectra  of  the  Cls  region  measured  after  each  etching  of  the  NG-3  electrodes  using  PVdF  and  PAA  as  the  binders  after  charging  down  to  0.8  V  and  after 
discharging  up  to  2.0  V  in  the  1  mol  dm-3  LiC104/EC  +  DEC  (50:50  vol.  %)  electrolyte;  etching  time:  every  2  min  from  0  to  18  min;  (a)  PVdF  10  wt.  %  after  charging  down  to  0.8  V,  (b) 
PAA  10  wt.  %  after  charging  down  to  0.8  V,  (c)  PVdF  10  wt.  %  after  discharging  up  to  2.0  V,  and  (d)  PAA  10  wt.  %  after  discharging  up  to  2.0  V. 
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Fig.  10.  Nyquist  plots  for  the  NG-3  electrodes  using  PVdF  and  PAA  as  the  binders  charged  down  to  the  prescribed  potentials  (vs.  Li/Li+)  in  the  1  mol  dm  3  LiC104/EC  ±  DEC 
(50:50  vol.  %)  electrolyte:  Frequency  range:  100  kHz-10  mHz,  AC  amplitude:  ±10  mV;  (a)  1.0  V,  (b)  0.8  V,  (c)  0.2  V;  (o)  PAA  10  wt.  %;  (□)  PVdF  10  wt.  %. 


observed  on  the  surface  of  the  NG-3  particles  after  1st  discharging 
up  to  2.0  V  (e,  f).  Mori  et  al.  reported  that  the  surface  deposits  were 
the  products  due  to  the  reductive  decomposition  of  the  electrolyte 
[14],  suggesting  that  the  surface  deposits  would  be  a  part  of  the  SEI. 

Fig.  5  shows  the  FE-SEM  images  and  corresponding  EDX  map¬ 
pings  of  the  NG-3  electrodes  using  (a,  b)  PVdF  (10  wt.  %)  and  (c,  d) 
PAA  (10  wt.  %)  as  the  binders  after  charging  down  to  (a,  c)  0.8  V  and 
(b,  d)  5  mV.  Reductive  decomposition  of  the  electrolyte  occurred  on 
the  surface  of  the  NG-3  particles  regardless  of  the  binder  types  after 
charging  down  to  0.8  V.  In  addition,  a  greater  amount  of  the  surface 
deposit  was  observed  on  the  surface  of  the  PVdF  binder  NG-3 
electrode.  The  EDX  mapping  results  showed  that  C,  O,  and  Cl 
were  detected  on  the  surface  of  both  electrodes.  Cl  existed  on  the 
entire  surface  of  the  particle,  whereas  O  locally  existed  as  a  surface 
deposit.  Regarding  fluorine,  even  if  the  binder  was  PVdF,  the  fluo¬ 
ride  concentration  on  the  surface  of  the  PVdF  binder  NG-3  elec¬ 
trode  was  under  the  detection  limit.  The  results  indicated  that  these 
elements  (O  and  Cl)  were  the  same  as  those  of  a  conventional  SEI. 
Based  on  the  above  SEI  formation  mechanism,  the  inorganic 
component  was  mainly  formed  at  a  potential  nobler  than  0.8  V 
[10,11  .  Farge  amounts  of  O  and  Cl  are  contained  in  the  inorganic 
component  that  has  been  reported  to  be  Fi2C03  or  FiCl.  The  EDX 
mappings  showed  that  the  distribution  of  the  surface  deposit  at 
0.8  V  almost  corresponded  to  that  of  O  and  Cl,  suggesting  that  the 
surface  deposit  would  be  the  inorganic  component.  White  deposits 
are  thought  to  be  a  high-resistance  area  in  the  FE-SEM  images 
because  they  were  caused  by  charging. 

The  atomic  concentrations  at  the  surface  of  the  NG-3  electrodes 
using  PVdF  (10  wt.  %)  and  PAA  (10  wt.  %)  as  the  binders  at  each 
potential  for  the  1st  charging  process  determined  by  EDX 


Fig.  11.  Equivalent  circuit  used  for  the  analysis  of  the  impedance  plots  shown  in 
Fig.  8(c);  Rs-  solution  resistance,  C/ and  Rf.  capacitance  and  resistance,  respectively,  of 
the  surface  film;  CdP  electrical  double-layer  capacitance;  Rct:  charge  transfer  resis¬ 
tance;  Zw\  Warburg  impedance  24]. 


spectroscopy  are  summarized  in  Fable  1.  The  percentage  of  O  in  the 
PAA  binder  NG-3  electrode  was  higher  than  that  in  the  PVdF  binder 
NG-3  electrode  before  charging,  indicating  that  this  would  be  due 
to  the  differences  in  the  amount  of  O  in  the  binder.  The  decrease  in 
C,  the  increase  in  O,  and  the  generation  of  Cl  were  detected 
regardless  of  the  binder  types  after  charging  down  to  0.8  V,  sug¬ 
gesting  that  Li2C03  and  LiCl  would  be  formed  as  reported  in  the 
literature  [10,11].  In  contrast,  the  PAA  binder  NG-3  electrode 
showed  a  low  percentage  of  O  and  Cl,  suggesting  that  the  formation 
of  these  inorganic  compounds  would  be  repressed.  C  and  Cl 
decreased  and  O  increased  regardless  of  the  binder  types  after 
charging  down  to  5  mV,  suggesting  that  ROCC^Li  would  be  formed. 

The  chemical  composition  of  the  surface  deposit  was  investi¬ 
gated  by  XPS  and  then  the  difference  between  the  PAA  binder  and 
the  PVdF  binder  was  discussed.  Fig.  6  shows  the  high-resolution 
XPS  spectra  of  the  C  Is  region  for  the  NG-3  electrodes  using  (a,  c, 
e)  PVdF  (10  wt.  %)  and  (b,  d,  f)  PAA  (10  wt.  %)  as  the  binders  (a,  b) 
before  charging,  (c,  d)  after  charging  down  to  0.8  V,  and  (e,  f)  after 
discharging  up  to  2.0  V.  The  peaks  were  detected  at  around 
284.5  eV  and  286.0  eV  on  the  surface  of  both  electrodes  before 
charging  (Fig.  6(a)  and  (b)).  The  sharp  peak  at  around  284.5  eV  was 
assigned  to  graphite  (C-C)  [18-22  .  The  peak  at  around  286.0  eV 
was  assigned  to  hydrocarbons,  i.e.,  -CH2-CH2-  type  bonds  in  the 
polymers.  Thus,  C*  did  not  locate  next  to  F  in  the  PVdF  binder  NG-3 
electrode  [20,22],  whereas  C*  did  not  locate  next  to  O  in  the  PAA 
binder  NG-3  electrode  [6,18,20,23  .  The  peak  at  around  290.0  eV 
was  assigned  to  C*  located  next  to  F  in  the  PVdF  binder  NG-3 
electrode  [6,20,22]  and  the  carboxyl  carbon  on  the  PAA  binder 
NG-3  electrode  [6,20,22,23].  In  addition,  the  peaks  of  NG-3  and 
both  binders  existed  on  the  surface  of  the  NG-3  electrode  before 
charging.  The  strong  peak  of  the  graphite  (C-C)  thus  was  detected 
regardless  of  the  binder  types  before  charging,  suggesting  that  the 
surface  of  the  NG-3  particles  was  not  completely  covered. 

The  peaks  were  detected  at  around  286.0  eV  and  291.0  eV  on  the 
surface  of  the  NG-3  electrodes  regardless  of  the  binder  types  after 
charging  down  to  0.8  V  (Fig.  6(c)  and  (d))  and  discharging  up  to 
2.0  V  (Fig.  6(e)  and  (f)).  Although  the  peak  at  around  286.0  eV  was 
assigned  to  hydrocarbons  in  the  polymers  [21],  the  peak  positions 
shifted  slightly  higher  than  the  above  peak  position  of  the  binder. 
According  to  a  report  about  the  SEI  analysis  by  XPS  [19  ,  this  peak 


Table  3 

The  parameters  for  the  NG-3  electrodes  shown  in  Fig.  10(c)  obtained  by  fitting  with 
the  equivalent  circuit  shown  in  Fig.  11. 


Binder 

R  sol 

Rf 

C/ 

Rct 

Cdi 

Zw 

[Q  cm2] 

[Q  cm2] 

[pF  cm  2] 

[Q  cm2] 

[mF  cur2] 

[Q  cm  s"1/2] 

PVdF 

27.23 

9.82 

609 

1.82 

15.99 

5.45 

PAA 

36.69 

7.34 

781 

1.56 

9.83 

3.78 
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Fig.  12.  Temperature  dependence  of  charge-transfer  resistances  at  a  potential  of  0.2  V. 
The  activation  energies  were  obtained  from  the  slope. 


was  assigned  to  a  hydrocarbon  in  polyethylene  oxide  (PEO). 
The  peak  at  around  291.0  eV  was  assigned  to  a  carbonate  [18,21]. 
These  peak  positions  were  close  to  the  position  of  C  located  next  to 
F  in  the  PVdF  binder  NG-3  electrode  before  charging.  However,  the 
results  of  the  EDX  mappings  shown  in  Fig.  5  showed  that  the 
fluoride  concentration  in  the  surface  of  the  PVdF  binder  NG-3 
electrode  was  under  the  detection  limit  after  charging  down  to 
0.8  V  and  5  mV,  suggesting  that  these  peaks  were  assigned  to  the 
carbonate  (Fig.  6(c)  and  (e)).  The  results  showed  that  not  only  the 
formation  of  an  inorganic  component,  but  also  that  of  an  organic 
component  started  at  0.8  V.  The  peak  at  around  289.2  eV  was 
assigned  to  an  ester  carbon  in  the  PAA  binder  NG-3  electrode 
[18,19,22  .  It  should  be  noted  that  the  ratios  of  the  hydrocarbon  and 
carbonate  in  the  SEI  composition  were  different  based  on  the 
binders.  Thus,  the  ratio  of  carbonate  was  low  in  the  PAA  binder  NG- 
3  electrode.  Considering  the  SEI  mechanism  using  the  results  of  the 
EDX  mappings,  this  carbonate  was  mainly  assigned  to  Li2C03  at 
0.8  V,  suggesting  that  the  SEI  layer  with  a  small  ratio  of  an  inorganic 
component  was  formed  in  the  PAA  binder  NG-3  electrode. 

Fig.  6(e)  and  (f)  shows  that  the  spectra  after  discharging  up  to 
2.0  V  were  almost  the  same  as  those  after  charging  down  to  0.8  V, 
suggesting  that  the  formed  SEI  layer  would  be  stable  during  the 
charge-discharge  process  after  charging  down  to  0.8  V.  Based  on 
these  results,  it  was  found  that  the  amount  of  the  inorganic  com¬ 
ponents  of  the  SEI  on  the  surface  of  the  PAA  binder  NG-3  electrode 
was  lower  than  that  of  the  SEI  on  the  surface  of  the  PVdF  binder  NG- 
3  electrode. 

Fig.  7  shows  the  high-resolution  XPS  spectra  of  the  Cl  2p  region 
for  the  NG-3  electrodes  using  (a,  c)  PVdF  (10  wt.  %)  and  (b,  d)  PAA 
(10  wt.  %)  as  the  binders  (a,  b)  after  charging  down  to  0.8  V  and  (c, 
d)  after  discharging  up  to  2.0  V,  respectively.  These  peaks  were 


Table  4 

The  activation  energies  at  the  interface  between  the  NG-3  electrode  and  the 
1  mol  dm-3  UCIO4/EC  +  DEC  (50:50  vol.  %)  electrolyte  at  a  potential  of  0.2  V  shown 

in  Fig.  12. 


Electrode 

Activation  energy  (kj  mol  3) 

Ref. 

PAA  binder  NG-3  electrode 

56.0 

This  study 

PVdF  binder  NG-3  electrode 

61.3 

This  study 

HOPG 

50-60 

[25] 

HIP-treated  carbon 

61.5  ±  2.0a 

[26] 

a  Measured  at  a  potential  of  0.8  V. 


Table  5 

Summary  of  the  advantages  of  the  NG-3  electrode  coated  with  the  PAA  binder  at 
each  potential  during  first  charging. 


Potential  Advantage  of  the  PAA  binder  Methods 


Before 
charging 
1.0  V 

0.8  V 


0.2  V 
After 

discharging 


Edge  surface  was  effectively  covered. 

Resistance  of  the  NG-3  electrode  was 
lower. 

Fewer  inorganic  deposits  on  the  electrode. 
The  ratio  of  the  inorganic  components 
was  lower. 

Film  resistance  of  the  NG-3  electrode 
was  lower. 

The  first  charge— discharge  efficiency 
was  higher. 

Fewer  inorganic  deposits  on  the  electrode. 
The  ratio  of  the  inorganic  components 
was  lower. 


B.E.T. 

EIS 

SEM/EDX 

XPS 

EIS 


Charge— discharge 
test 

SEM/EDX 

XPS 


assigned  to  the  chlorine  of  a  Li-Cl  bond  [18,20,22  because  they 
were  detected  at  around  200  eV  on  the  surface  of  both  electrodes. 

Fig.  8  shows  the  high-resolution  XPS  spectra  of  the  Li  Is  region 
for  the  NG-3  electrodes  using  (a,  c)  PVdF  (10  wt.  %)  and  (b,  d)  PAA 
(10  wt.  %)  as  the  binders  (a,  b)  after  charging  down  to  0.8  V  and  (c, 
d)  after  discharging  up  to  2.0  V,  respectively.  These  peaks  were 
detected  at  around  56.5  eV  on  the  surface  of  both  electrodes  after 
charging  down  to  0.8  V.  These  peaks  could  not  be  separated 
because  they  appeared  at  the  same  position.  However,  considering 
the  results  of  the  above-mentioned  C  Is  and  Cl  2p,  this  peak  would 
be  assigned  to  a  Li-0  bond  derived  from  Li2C03  or  a  Li-Cl  bond 
derived  from  LiCl. 

According  to  Figs.  6-8,  it  was  clarified  that  Li2C03  and  LiCl  were 
formed  on  the  surface  of  the  NG-3  particles  regardless  of  the  binder 
types  after  charging  down  to  0.8  V.  Based  on  these  results,  the  XPS 
results  of  Figs.  6-8  are  summarized  in  Table  2.  These  peak  positions 
of  each  bond  on  the  NG-3  electrodes  were  assigned  to  the  bonds  in 
Table  2. 

In  order  to  investigate  the  difference  in  the  SEI  composition  in 
more  detail,  a  depth  profile  analysis  of  the  NG-3  electrode  surface 
was  carried  out.  Fig.  9  shows  the  high-resolution  XPS  spectra  of  the 
C  Is  region  measured  after  each  etching  of  the  NG-3  electrodes 
using  (a,  c)  PVdF  (10  wt.  %)  and  (b,  d)  PAA  (10  wt.  %)  as  the  binders 
(a,  b)  after  charging  down  to  0.8  V  and  (c,  d)  after  discharging  up  to 
2.0  V,  respectively.  All  spectra  before  etching  were  the  same  as 
those  shown  in  Fig.  6(c,  d,  e,  f). 

In  both  electrodes,  the  shape  of  the  spectra  changed  with  the 
etching  and  then  peaks  appeared  at  around  284.5  eV  (graphite  (C- 
C)).  It  was  found  that  the  surface  of  the  electrode  was  covered  with 
a  surface  deposit  at  0.8  V  regardless  of  the  binder  types  because 
these  peaks  of  the  SEI  disappeared  during  etching  and  then  the 
peak  of  graphite  appeared.  The  peak  intensity  of  the  carbonate 
derived  from  Li2C03  in  the  inorganic  components  was  the  strongest 
at  the  outermost  surface  and  decreased  during  the  etching.  The 
peak  intensity  of  the  carbonate  derived  from  Li2C03  in  the  inorganic 
components  on  the  surface  of  the  PAA  binder  NG-3  electrode  was 
weaker  than  that  of  the  PVdF  binder  NG-3  electrode.  Based  on  these 
results,  it  was  found  that  the  formation  of  the  inorganic  compo¬ 
nents  of  the  SEI  on  the  surface  of  the  PAA  binder  NG-3  electrode 
would  be  suppressed  compared  to  those  on  the  PVdF  binder  NG-3 
electrode. 

Fig.  10  shows  the  Nyquist  plots  for  the  NG-3  electrodes  coated 
with  PVdF  (10  wt.  %)  and  PAA  (10  wt.  %)  as  the  binders  after 
charging  down  to  (a)  1.0  V,  (b)  0.8  V,  and  (c)  0.2  V.  The  arcs 
attributed  to  the  surface  deposits,  which  were  the  formed  passive 
film,  were  observed  at  1.0  V.  The  arcs  attributed  to  the  passive  film 
were  expanded  at  0.8  V  compared  to  1.0  V.  Moreover,  two  arcs 
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Fig.  13.  A  schematic  model  describing  the  influence  of  the  binder  types  on  the  SEI  formation  reaction  and  surface  deposit  of  the  NG-3  electrode. 


clearly  appeared  at  0.2  V.  The  resistance  attributed  to  the  SEI  film 
formation  increased  during  charging  because  the  SEI  film  resis¬ 
tance  at  0.2  V  increased  compared  to  the  SEI  film  resistance  at  0.8  V. 
It  was  considered  that  the  arc  in  the  low-frequency  area  was 
ascribed  to  the  charge  transfer  resistance  in  the  interface  between 
the  SEI  film  and  the  electrode.  The  resistance  of  the  PAA  binder  NG- 
3  electrode  was  lower  than  that  of  the  PVdF  binder  NG-3  electrode 
at  each  potential.  It  was  considered  that  the  SEI  film  formed  during 
charging  would  have  an  influence  on  the  interface  resistance.  It  was 
considered  that  the  inorganic  component  in  the  SEI  was  the  cause 
of  the  increased  passive  film  resistance  because  the  ionic  conduc¬ 
tive  layer  of  Li+  ions  in  the  SEI  was  the  organic  component  such  as 
PEO.  Based  on  these  results  of  the  charge-discharge  cycle  tests,  it 
was  considered  that  the  reductive  decomposition  of  the  electrolyte 
would  be  repressed  at  higher  than  0.8  V.  In  addition,  based  on  these 
results  of  the  above-mentioned  surface  analysis,  the  percentage  of 
the  inorganic  components  of  the  SEI  on  the  surface  of  the  PAA 
binder  NG-3  electrode  was  low.  Therefore,  it  was  considered  that 
the  difference  in  the  SEI  film  component  would  have  an  influence 
on  the  SEI  film  resistance. 

Fig.  11  shows  the  equivalent  circuit  24]  employed  for  analysis  of 
the  Nyquist  plots  shown  in  Fig.  10(c).  In  this  study,  the  Nyquist  plots 
consisted  of  two  arcs  because  the  SEI  film  was  formed  on  the  sur¬ 
face  of  the  NG-3  electrode.  By  considering  two  parallel  RC  circuits  in 
series,  one  for  the  SEI  film  formation  and  the  other  for  the  inter¬ 
calation  of  Li+  ions,  the  equivalent  circuit  including  two  time  con¬ 
stants  was  employed. 

The  parameters  of  the  NG-3  electrodes  shown  in  Fig.  10(c) 
obtained  from  the  simulation  for  the  equivalent  circuit  shown  in 
Fig.  11  are  summarized  in  Table  3.  Concerning  the  SEI  film 
component  of  the  PAA  binder  NG-3  electrode,  the  film  resistance  Rf 
was  low  and  the  capacitance  of  the  film  C/  was  high.  As  described 
above,  it  was  considered  that  the  difference  in  the  formed  passive 
film  component  would  have  an  influence  on  the  film  resistance  Rf. 
In  this  case,  it  is  considered  that  the  parallel  circuit  is  located  at  the 
interface  between  the  electrolyte  and  the  SEI  film  because  C/  is  the 
capacitance  of  the  SEI  film.  For  the  PAA  binder  NG-3  electrode,  it 
was  thus  considered  that  the  interfacial  area  between  the  electro¬ 
lyte  and  the  SEI  film  was  larger  because  C/  was  higher;  the  Li+  ion  in 
the  SEI  film  would  be  easily  transmitted  because  Rf  was  lower.  On 
the  other  hand,  regarding  the  parameters,  the  charge  transfer 
resistance  Rct,  the  electrical  double-layer  capacitance  Cdi,  and  the 


Warburg  impedance  Zw  were  low  in  the  PAA  binder  NG-3  electrode, 
indicating  that  the  charge  transfer  at  the  PAA  binder  NG-3  electrode 
easily  occurred  compared  to  that  of  the  PVdF  binder  NG-3  elec¬ 
trode.  The  RctQi  parallel  circuit  is  assumed  in  the  electrochemical 
reaction  field  in  general.  The  RctQi  parallel  circuit  is  located  at  the 
interface  between  the  electrolyte  and  the  film  in  the  case  of  the 
electronic  conductivity  or  at  the  interface  between  the  film  and  the 
electrode  in  the  case  of  the  ionic  conductivity.  In  this  study,  the 
RctQi  parallel  circuit  was  located  at  the  interface  between  the  SEI 
film  and  the  electrode  because  the  formed  SEI  film  had  a  Li+  ion 
conductivity  and  clearly  did  not  have  any  electronic  conductivity. 
The  Cdi  of  the  PAA  binder  NG-3  electrode  was  low  compared  to  that 
of  the  PVdF  binder  NG-3  electrode,  indicating  a  low  surface  area. 
This  result  agrees  with  the  measured  results  of  the  B.E.T.  specific 
surface  area  shown  in  Figs.  2  and  3.  The  Zw  that  appears  in  the  low- 
frequency  area  represents  the  impedance  due  to  the  diffusion  of  the 
Li+  ions  inside  the  electrode.  It  was  considered  that  the  Li+  ion  in 
the  PAA  binder  NG-3  electrode  would  be  easily  diffused  compared 
to  the  PVdF  binder  NG-3  electrode  because  the  Zw  of  the  PAA  binder 
NG-3  electrode  was  lower. 

Furthermore,  the  temperature  dependence  of  the  charge- 
transfer  resistances  for  the  NG-3  electrodes  at  0.2  V  obtained 
from  the  Nyquist  plots  in  Fig.  10(c)  is  shown  in  Fig.  12.  The  activa¬ 
tion  energies  were  obtained  from  the  slope.  The  charge  transfer 
resistances  decreased  with  increasing  temperature  and  showed  an 
Arrhenius-type  behavior.  The  activation  energies  of  the  charge- 
transfer  resistances  were  56.0  kj  mol-1  for  the  PAA  binder  NG-3 
electrode  and  61.3  kj  mol-1  for  the  PVdF  binder  NG-3  electrode. 
As  summarized  in  Table  4,  these  values  were  almost  equal  to  that 
obtained  for  the  lithium-ion  transfer  at  an  HOPG  and  a  HIP-treated 
carbon  electrodes  [25,26  .  Based  on  these  results,  it  was  clarified 
that  the  Li+  ion  in  the  PAA  binder  NG-3  electrode  was  more  easily 
conducted  compared  to  the  Li+  ion  in  the  PVdF  binder  NG-3 
electrode. 

Based  on  these  results  and  the  knowledge  obtained  in  this 
study,  the  advantages  of  the  PAA  binder  NG-3  electrode  at  each 
potential  for  the  1st  charging  process  are  summarized  in  Table  5. 
The  B.E.T.  specific  surface  area  measurement  results  indicated 
that  the  edge  surface  was  effectively  coated  before  charging.  The 
film  resistance  was  low  at  1.0  V  as  indicated  by  the  AC  imped¬ 
ance.  The  FE-SEM/EDX  observations  showed  that  a  small  amount 
of  a  surface  deposit  of  inorganic  components  derived  from  U2CO3 
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or  LiCl  was  observed  on  the  surface  of  the  electrode  at  0.8  V.  The 
XPS  results  showed  that  the  percentage  of  the  inorganic  com¬ 
ponents  in  the  film  was  relatively  low.  The  AC  impedance  results 
showed  that  the  SEI  film  resistance  was  low  at  0.2  V.  The 
charge-discharge  cycle  tests  results  showed  that  the  1st  charge- 
discharge  efficiency  was  high  after  discharging  up  to  2.0  V.  The 
FE-SEM/EDX  observations  indicated  that  a  small  amount  of  a 
surface  deposit  derived  from  the  inorganic  components  was 
observed  on  the  surface  of  the  electrode.  The  XPS  results  rep¬ 
resented  that  the  percentage  of  the  inorganic  components  of  the 
film  were  relatively  low.  Based  on  these  results,  it  was  consid¬ 
ered  that  the  reductive  decomposition  of  the  electrolyte  would 
be  repressed  on  the  1st  charge  because  the  edge  surface  was 
effectively  coated  by  the  PAA  binder,  indicating  that  the  SEI  film 
had  a  low  ratio  of  inorganic  component  formed  on  the  PAA 
binder  NG-3  electrode,  although  the  components  consisting  of  an 
organic  component  (ROCC^Li)  and  an  inorganic  component 
(Li2C03  and  LiCl)  in  the  SEI  film  were  the  same  as  those  previ¬ 
ously  reported. 

Fig.  13  illustrates  a  schematic  model  describing  the  influence  of 
the  binder  types  on  the  SEI  formation  reaction  and  surface  deposit 
of  the  NG-3  electrode.  Functional  groups  exist  on  the  surface  of  the 
carbon  materials  [27  .  Esterification  between  the  edge  of  the 
graphite  and  the  carboxyl  group  has  taken  place,  and  the  PAA  was 
strongly  sorbed  on  the  surface  of  the  graphite  [28-30  .  NG-3  was 
effectively  coated  with  PAA  as  a  binder.  The  resistance  of  the 
electrode  interface  was  low  because  the  ratio  of  an  organic 
component  in  the  SEI  film  was  high.  Therefore,  it  can  be  reasonably 
concluded  that  the  coating  state  of  the  binders  had  an  influence  on 
the  SEI  formation  and  the  chemical  composition. 

4.  Conclusion 

We  investigated  the  SEI  formation  reaction  and  surface  deposit 
of  a  natural  graphite  (NG-3)  electrode  using  the  PAA  binder  and  the 
conventional  PVdF  binder  for  comparison  in  an  ethylene  carbonate- 
based  electrolyte,  and  obtained  the  following  results. 

1.  The  difference  in  the  irreversible  capacity  of  the  1st  cycle  was 
explained  by  the  difference  in  the  B.E.T.  specific  surface  area, 
suggesting  that  the  reductive  decomposition  of  the  electrolyte 
would  be  repressed  on  the  1st  charge  because  the  edge  surface 
would  be  effectively  coated  with  the  PAA  binder. 

2.  The  SEI  film  with  a  low  inorganic  component  ratio  was  formed 
in  the  case  of  the  PAA  binder  NG-3  electrode. 

3.  It  was  clarified  that  the  Li+  ion  in  the  PAA  binder  NG-3  elec¬ 
trode  was  easily  conducted  compared  to  the  Li+  ion  in  the  PVdF 
binder  NG-3  electrode. 


Therefore,  it  was  concluded  that  the  coating  state  of  the  binders 
had  an  influence  on  the  initial  charge-discharge  characteristics, 
the  SEI  formation  reaction,  and  the  SEI  film  composition. 
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